Objective: Key appetite regulators and their receptors are already present in the fetal hypothalamus, and may respond to hormones such as leptin. Intrauterine food restriction or hyperglycemia can reprogram these circuits, possibly predisposing individuals to adverse health outcomes in adulthood. Given the global obesity epidemic, maternal overweight and obesity is becoming more prevalent. Earlier, we observed rapid growth of pups from obese dams during the suckling period. However, it is unclear whether this is because of alterations in leptin and hypothalamic appetite regulators at birth. Design: Female Sprague-Dawley rats were fed palatable high-fat diet (HFD) or chow for 5 weeks to induce obesity before mating. The same diet continued during gestation. At day 1, after birth, plasma and hypothalamus were collected from male and female pups. Measurements: Body weight and organ mass were recorded. Leptin and insulin levels were measured in the plasma by radioimmunoassay. Hypothalamic mRNA expression of neuropeptide-Y (NPY), pro-opiomelanocortin, leptin receptor and its downstream signal, STAT3 (signal transducer and activator of transcription 3), were measured using real-time PCR. Results: Body and organ weights of pups from obese dams were similar to those from lean dams, across both genders. However, plasma leptin levels were significantly lower in offspring from obese dams (male: 0.53±0.13 vs 1.05±0.21 ng ml À1 ; female: 0.33 ± 0.09 vs 2.12 ± 0.57 ng ml À1 , respectively; both Po0.05). Hypothalamic mRNA expression of NPY, pro-opiomelanocortin, leptin receptor and STAT3 were also significantly lower in pups from obese dams. Conclusion: Long-term maternal obesity, together with lower leptin levels in pups from obese dams may contribute to the lower expression of key appetite regulators on day 1 of life, suggesting altered intrauterine neuron development in response to intrauterine overnutrition, which may contribute to eating disorders later in life.
The central neural network regulating appetite is present before birth in rodents and higher-order mammals. In the rat, the differentiation of the neuronal systems responsible for appetite and energy expenditure begins during the last week of gestation, with development continuing until weaning. 1 The development and maturation of these pathways depend on the 'leptin surge', which appears between postnatal days 6-14, characterized by a sudden increase in circulating leptin levels. 2 Leptin, also termed the 'ob protein', is produced predominantly by adipocytes, and early onset obesity is seen in the absence of either leptin protein or its receptor. 3 The key signaling form, the long form of the leptin receptor (Ob-Rb), is found in hypothalamic areas involved in appetite and metabolic regulation. 4 The intracellular domain of Ob-Rb binds to STAT3 (signal transducer and activator of transcription3), to induce the expression of a signaling inhibitor, SOCS3 (suppressor of cytokine signaling3). 4 In adult rodents, leptin decreases fasting-induced hyperphagia and reduces normal daily food intake, body weight and fat accumulation, 4 by suppressing the hypothalamic orexigenic peptides, neuropeptide-Y (NPY) and agouti-related protein (AgRP), and stimulating the anorexigenic peptides, pro-opiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript. 5 However, in the preweaning rodent, leptin plays a different role to that in the adult animal, which appears to be independent of its role in energy homeostasis. 2, 6 Exogenous leptin does not reduce body weight, milk intake or metabolic rate during the first two postnatal weeks, 7 rather it can actually promote voluntary eating and hyperphagia during this period. 8 This is of importance, as neonatal rodents need to maximize food intake and also maintain a high thermoregulatory metabolic rate to favor the survival. The differentiation of the neuronal systems that regulate appetite and energy expenditure is not complete until weaning. 1 Increased circulating leptin during the 'leptin surge' supports the development and maturation of the central neurons involved in appetite and energy metabolism regulation. 2 Leptin deficiency in ob/ob mice results in a lower hypothalamic neuron density and innervation, which is thought to contribute to the obese phenotype. 6, 9 The high postnatal 'leptin surge,' because of restricted intrauterine nutrition, has been shown to be linked to an increased expression of hypothalamic NPY peptide, which may be responsible for increased weight gain and adiposity when animals are fed a high-fat diet (HFD) after weaning.
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The intrauterine environment exerts an important role in fetal development and determination of risk of obesity and metabolic disorders, such as glucose intolerance and hypertension, in later life. 11 Intrauterine undernutrition-related catch-up growth and increased risk of obesity have been thoroughly studied to date. However, given the global obesity epidemic, there is a need to understand the impact of maternal overnutrition on the fetal hypothalamic circuitry involved in energy homeostasis. There are increasing numbers of women entering pregnancy are overweight or obese. 12 Intrauterine overnutrition because of maternal obesity has been linked childhood obesity. Few laboratories have studied the neuroendocine impact of maternal obesity because of long-term HFD feeding on offspring.
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Earlier, we observed that offspring from obese dams were born with similar body weights as those from lean dams, whereas their weight gain accelerated soon after birth, becoming significantly heavier than those from lean dams after postnatal day 10. 13 However, little is known regarding how intrauterine overnutrition because of maternal HFD feeding reprograms metabolism, especially hypothalamic appetite regulators in the pups, to promote growth shortly after birth. Thus, we hypothesized that at day 1 of life, pups born from obese dams would have increased plasma leptin and expression of hypothalamic NPY, but reduced POMC mRNA expression, promoting increased milk intake, leading to rapid growth immediately after birth. were normally distributed, they were analyzed by the unpaired Student's t-test. If they were not, they were log transformed to normal distribution and then analyzed by unpaired Student's t-test.
Materials and methods

Maternal obesity
Results
Before the dietary intervention began, body weights between the groups of females were similar (chow-fed 183.0 ± 3.8 g vs HFD-fed 183.9±4.3 g). Before mating, HFD-fed female rats were 29% heavier than the chow-fed rats (295.2±11.1 g vs 229.5 ± 7.54 g, respectively; Po0.05). At killing, body weight of obese dams was 30% greater than that of lean dams (Po0.05, Table 2 ). Although the increase in liver weight was not significant, heart weight was significantly increased by 14% in HFD-fed dams compared with chow-fed dams. Brown adipose tissue (BAT), retroperitoneal, mesentery and uterine fat masses were about 3 times greater in the HFD-fed dams (Table 2 ). Blood glucose and plasma insulin concentrations also appeared higher in the obese dams; however, this did not reach statistical significance. Plasma triglycerides and leptin levels were significantly increased by 3 and 1.7 times, respectively, in the obese rats (Po0.05, Table 2 ). The average litter size for chow-fed mothers was 9.9 and 10.0 for HFD-fed dams.
At day 1, the male pups from lean dams were 11% heavier than the female pups (Tables 3 and 4 ). There were no significant differences in body weight or organ weights in response to maternal HFD feeding across both genders (Tables 3 and 4 ). In pups from lean dams, insulin and leptin concentration of females was higher than males. In both genders, blood glucose and plasma insulin of pups from obese dams were slightly higher than those from lean dams without reaching statistical significance. Interestingly, plasma leptin levels were significantly lower in pups from obese dams vs lean dams in both genders, and this was more marked in females (Po0.05, maternal diet effect in both genders, Tables 3 and 4) . Across both dietary groups, plasma leptin was also positively correlated with day 1 body weight in both genders (male: r ¼ 0.64, n ¼ 16, P ¼ 0.008; female, r ¼ 0.60, n ¼ 16, P ¼ 0.02).
The C t value of the housekeeping gene 18 s was not changed by maternal overnutrition across genders (male pup: lean dam 16.13 ± 0.15 vs obese dam 16.29 ± 0.40; female pup: lean dam 15.88 ± 0.28 vs obese dam 15.67 ± 0.18, n ¼ 5-6). Both male and female pups responded to maternal overnutrition in a similar fashion, and changes in hypothalamic mRNA expression were also similar across genders. In male pups, mRNA expression of hypothalamic NPY, Abbreviations: MC4R, melanocortin 4 receptor; mTOR, mammalian target of rapamycin; NPY, neuropeptide-Y; POMC, pro-opiomelanocortin; SOCS3, suppressor of cytokine signaling; STAT3, signal transducer and activator of transcription 3. Maternal obesity and leptin at birth MJ Morris and H Chen POMC, melanocortin 4 receptor (MC4R), leptin receptor (Ob-Rb), STAT3, SOCS3 and the fuel sensor, mammalian target of rapamycin (mTOR), were significantly lower in the pups from obese dams compared with those from lean dams (Po0.05, Figures 1 and 2) ; whereas AgRP mRNA expression was at a similar level between the two groups ( Figure 1b) . In female pups, mRNA expression of NPY, MC4R, and Ob-Rb were significantly reduced in pups from obese dams (Po0.05, Figures 3a, e and 4a ). There was some reduction in AgRP, POMC and SOCS3 expression; however these did not reach statistical significance (Figures 3b, d and 4c ). mTOR and STAT3 mRNA expression was not altered by maternal obesity in female pups.
Discussion
Here, we describe, for the first time, significantly reduced plasma leptin levels, as well as the downregulation of its receptor and downstream signal STAT3, in postnatal day 1 offspring from obese dams. Contrary to our hypothesis, reduced expression of the key hypothalamic appetite regulating peptides, NPY and POMC was observed in offspring from obese dams. These data demonstrate a major impact of maternal overnutrition on neuroendocrine appetite regulation in newborn offspring. Leptin is produced in multiple sites apart from white adipose tissue, including the stomach, placenta and certain fetal organs, such as the heart, bone and cartilage. [15] [16] [17] [18] Breast milk can also provide the newborn with an important source of leptin. 19, 20 However, in this study, 1-day old pups were only fed for 24 h. Thus, leptin from milk is unlikely to Maternal obesity and leptin at birth MJ Morris and H Chen markedly affect their circulating leptin levels at this time point. It is well accepted that in humans, gestational diabetes causes high leptin levels in offspring, whereas the opposite is observed in small for gestational age babies. 21, 22 This may be because of the difference in adiposity, because in the human embryo, leptin is mainly sourced from developing fat cells. 23 However, adipose tissue was hardly detectable in newborn pups from either obese or lean dams in our study. The placenta can produce leptin, with a small amount (1.6%) released into the fetal circulation. 23, 24 It has been documented that maternal circulating leptin crosses the bloodplacental barrier into the fetal circulation and plays an important role in fetal development. 25 Although elucidating the mechanism underlying the reduced circulating leptin in Maternal obesity and leptin at birth MJ Morris and H Chen offspring of obese dams requires further work, it is likely that a high level of maternal leptin reduced its production from fetal organs, leading to lower plasma leptin shortly after birth. Another explanation is that high maternal circulating triglyceride levels may reduce leptin transport at the bloodplacental barrier to cause fetal deficiency, as triglycerides decrease leptin transport at the blood-brain barrier. 26 Further studies are needed to confirm this. The low leptin at postnatal day 1 seems at odds with the similar body weight and organ mass between pups from obese and lean dams, as leptin is important for fetal growth. 23 Pups from obese dams would receive higher levels of nutrients, such as triglycerides, from the maternal circulation to support their growth. Interestingly, unchanged or lower birth weight has been observed in offspring from obese mothers in genetically obese-prone and palatable cafeteria HFD induced obese rats, [27] [28] [29] which may be because of the relatively immature developmental state of rodents at birth. Newborn humans with either high or low leptin levels at birth have a higher risk of developing obesity and type 2 diabetes compared with those who have normal leptin levels. 21, 30 We did find that pups from obese dams had greater weight gain during the suckling period and lay down fat tissue at a faster rate than those from lean dams after birth, resulting in 10 times greater retroperitoneal fat mass at day 7 after birth. At this time, plasma leptin levels were increased compared with pups from lean dams (unpublished data), which may be because of the richer maternal milk or increased fat mass. 28 The increase in both adiposity and circulating leptin levels in offspring from obese dams persisted until postnatal day 20.
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Newborn leptin levels are suggested to be correlated with the levels of insulin and insulin-like growth factor-1. 31 In this study, insulin levels were higher in the female pups than male pups, as recorded earlier in the literature. 32 However, it was not significantly changed by maternal obesity. It has been suggested that leptin-signaling pathways in the neonatal hypothalamus do not develop until after the 6th postnatal day, 7, 33 and the expression of Ob-Rb does not affect leptin penetrating the blood-brain barrier; 34 whereas a population of arcuate Ob-Rb expressing neurons can be directly accessed by circulating leptin. 35 Downregulated STAT3 mRNA expression in male pups at day 1 may lead to a lower responsiveness to leptin in the offspring of obese dams even if they obtain leptin from maternal milk or adipocytes and other organs later on. On the other hand, the reduction in SOCS3 expression observed may compensate for the reduced Ob-Rb and STAT3. It is interesting to see the gender difference on hypothalamic STAT3 expression, which was not reduced in the female pups as in the males. Crosstalk between leptin and insulin pathways has been well documented, as insulin can increase the phosphorylation of STAT3 either directly or through leptin. 36, 37 Plasma insulin was increased by 61% in female offspring from obese dams compared with those from lean dams. Although this did not reach statistical significance, the increased insulin level may contribute to the hypothalamic STAT3 mRNA expression in female pups from obese dams. Although birth weight and organ masses were not affected by maternal obesity, our data suggest that the low circulating leptin in pups from obese dams regulates the production of hypothalamic neurotransmitters involved in energy homeostasis. Unlike adult animals where low plasma leptin is associated with increased NPY, in newborn rats, leptin may stimulate the production of hypothalamic NPs or neurite growth. Key hypothalamic neurotransmitters were significantly altered at birth by intrauterine overnutrition. In pups from obese dams, production of hypothalamic appetite regulatory peptides (NPY and POMC), the fuel sensor (mTOR) and MC4R were reduced, together with lower expression of leptin receptors and its downstream signaling system. It is interesting to observe no alteration in AgRP mRNA expression between groups. Brain AgRP mRNA expression appeared at gestation day 14 in rats; however, the level was dramatically decreased to undetectable level at gestation day 18. Results are expressed as mean ± s.e.m. Data were analyzed by unpaired student's t-test. *Po0.05 significantly different from pups of chow-fed dams. HFD, high-fat diet; SOCS3, suppressor of cytokine signaling; STAT3, signal transducer and activator of transcription 3.
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AgRP in voluntary suckling needs further investigation. In adult animals, hypothalamic NPY and POMC are downregulated in the face of HFD feeding, whereas MC4R mRNA expression is upregulated. [39] [40] [41] In the current study, mRNA expression of MC4R was reduced by maternal obesity. MC4R is critical for normal control of food intake, 42 as MC4R-selective agonists cause dose dependent hypophagia and weight loss, whereas MC4R-selective antagonists or MC4-R knockout cause markedly increased food intake obesity. 43, 44 Thus, the reduction in MC4R mRNA and unchanged AgRP expression, alongside reduced POMC mRNA, in offspring of obese dams may promote hyperphagia. mTOR is a newly identified hypothalamic sensor of fuels such as amino acids and glucose, whose activation leads to reduced food intake and body weight gain; inhibition of mTOR can also diminish the effects of leptin. 45 Reduced hypothalamic mTOR mRNA expression in male newborns from obese dams may affect nutrient sensing and thus increase milk intake as we observed in postnatal day 10 pups (Chen H and Morris MJ, unpublished data). However, here, mTOR was differently programmed in the female pups. We suggest that it could be consistent with unchanged STAT3, as leptin can directly activate mTOR. 45 After birth, maternal milk will start to supply leptin to the pup, and with the differentiation of adipocytes, endogenous production of leptin will also catch up in pups from obese dams. Whether this will over compensate and cause a higher 'leptin surge' leading to faster growth during the suckling period is under further investigation. Another important question is whether these hypothalamic adaptations to maternal obesity are long lasting. However, our results show that marked changes in key hypothalamic appetite regulators at postnatal day 1 are induced by maternal obesity, which may promote overeating in offspring. Low neonatal plasma leptin in leptin deficient ob/ob mice and following intrauterine nutrition restriction in rats resulted in disturbed neural development during suckling period and obesity at adulthood, 46, 47 whereas leptin injection during the early postnatal period ameliorated the obese phenotype, 46, 48 suggesting early postnatal leptin supplementation may reverse the detrimental impact of maternal obesity in offspring.
